Despite the rapidly expanding pool of knowledge surrounding its pathophysiology, sepsis remains associated with a high rate of morbidity and mortality (Angus & Wax 2001) . Due to the fact that the 'battle field' of septic pathophysiology is within the microcirculation of various vital organs (Spronk et al. 2004) , studies utilizing microcirculatory models are necessary in experimental sepsis research.
In vivo experiments using models such as the dorsal skinfold chamber can be performed in conscious animals (Menger et al. 2002) , but are of less pathophysiological relevance. In contrast, impaired splanchnic microcirculation, recognized as a 'motor of multiple organ failure' (Marshall et al. 1993) , requires major surgery and general anaesthesia to be explored. Unfortunately, most anaesthetics may interact in some way with the immunological pathways affecting microcirculation and thus influence the experimental results (Miller et al. 1996) . For this reason, each microcirculatory model in anaesthetized animals should be evaluated regarding the direct effects of anaesthesia.
The aim of this study was to compare the effects of intravenous anaesthesia using pentobarbital alone or in combination with ketamine, which was introduced to improve analgesia. Changes within the intestinal microcirculation were examined and compared with intravital fluorescence microscopy (IVM) to estimate functional capillary density (FCD) and leukocyte adherence. The effects of the intravenous anaesthetics were evaluated within the intact and altered microcirculation respectively. To induce microcirculatory changes comparable to septic conditions, Escherichia coli lipopolysaccharide (LPS) was administered. Whether the anaesthetic agents affected the cytokine release in experimental endotoxaemia was determined by evaluating the blood levels of the cytokines tumour necrosis factor (TNF)-a, interleukin (IL)-1b, IL-6 and IL-10.
Materials and methods

Animals
Thirty-two male outbred Lewis rats (233721 g, 6-8 weeks old) were obtained from Charles River Laboratories, Sulzfeld, Germany, housed in chip-bedded cages and, prior to experiments, acclimatized for one week in the air-conditioned institutional animal care unit. The animals were kept on a 12 h light/dark circadian cycle with free access to water (drinking bottle) and standard rat chow (Altromin s , Lage, Germany). Animal experiments were approved by the State Animal Protection Commission and performed in accordance with federal legislation on the protection of animals.
Anaesthesia and monitoring
All animals were initially anaesthetized with 60 mg/kg pentobarbital i.p. (Synopharm, Barsbü ttel, Germany). Preparation of the animals was carried out in the supine position. A heating pad was used to maintain a rectal body temperature of 381C. Tracheotomy was performed to maintain airway patency, and animals breathed room air spontaneously. The left jugular vein and right carotid artery were cannulated with polyethylene catheters (PE50; inner diameter, 0.58 mm; outer diameter, 0.96 mm; Portex, Hythe, Kent, UK). Arterial pressure and heart rate were recorded continuously (Hewlett Packard Monitor Model 66S, Bö blingen, Germany). Reactions to painful stimuli, i.e. muscular tonus, breathing pattern, depth and frequency, tonus of whiskers, piloerection, heart rate and blood pressure were continuously observed and recorded during the experiments.
General protocol
Experiments started 15 min postcannulation. The rats were divided into four groups of eight animals each. For the maintenance of anaesthesia, all groups received 18.5 mg/kg/h pentobarbital intravenously as incremental injections of approximately 4 mg pentobarbital every 60 min. Group 1 served as a control (PB). Groups 2 (PB þ LPS) and 4 (PB þ KET þ LPS) received LPS (15 mg/kg i.v.; 5 min short infusion; LPS from E. coli, serotype O26:B6; Sigma-Aldrich Chemie, Steinheim, Germany). In groups 3 (PB þ KET) and 4 (PB þ KET þ LPS) 10 mg/kg/h ketamine i.v. (Ketamin Curamed, DeltaSelect, Pfullingen, Germany; continuous rate infusion) was administered starting immediately after LPS administration. LPS was diluted in 1 mL 0.9% saline. The control animals received an equivalent volume of saline only. All administered fluids including anaesthetic agent and intraarterial flush, were calculated to guarantee that all of the animals received an equal volume of intravenous fluids (total volume, 15 mL/kg/h).
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At the end of the experiments (2.5 h following onset), arterial blood samples (total volume, 1.5 mL) were drawn to determine gas exchange, acid-base status and haematocrit (ABL 330, Radiometer, Copenhagen, Denmark), as well as release of the cytokines TNF-a, IL-1b, IL-6 and IL-10 (Rat Quantikine ELISA, R&D Systems, Wiesbaden, Germany).
Laparotomy for IVM was performed 30 min prior to initiation of the microscopy (1.5 h following onset of the experiment). The abdomen was opened through a midline incision and a section of the distal small intestine (10 mm orally from the ileocoecal valve) was placed carefully on a specially designed stage attached to the microscope. During the entire in vivo microscopic procedure, the intestine was superfused with thermostatically-controlled (371C) normal saline to avoid drying (Bohlen & Gore 1976) . The duration of each experiment, including induction of anaesthesia, did not exceed 240 min. At the end of the experiments, the animals were euthanized by barbiturate overdose (120 mg/kg body weight, via rapid intravenous administration).
Intravital fluorescence microscopy
IVM was performed only once (2 h following onset of the experiment) to prevent damage due to the phototoxic effects of repeated, long-lasting light exposure of the tissues. An epifluorescent microscope was used (Axiotech Vario, filter block No. 20, Zeiss, Jena, Germany) with a 50 W short arc mercury lamp and equipped with a 20 Â water immersion (20/0.5; Achroplan, Zeiss) objective and a 10 Â eyepiece. Images were taken by a videocamera (BC-12, AVT-Horn, Aalen, Germany), transferred to a monitor (PM-159, Ikegami Electronics, Munich, Germany) and simultaneously recorded onto videotape using a videocassette recorder (Panasonic NV-SV120EG-S, Matsushita Audio Video, Tokyo, Japan) for offline evaluation.
Functional capillary density
Two hours from the onset of the experiment, 50 mg/kg FITC-labelled bovine serum albumin (5% in saline i.v.; Sigma-Aldrich, Steinheim, Germany) was administered intravenously to distinguish plasma from the red blood cells (negative contrast). Assessment of FCD in the intestinal mucosa and the circular, as well as the longitudinal muscle layer, was performed by morphometric determination for the length of the red-blood-cell-perfused capillaries per unit according to Schmid-Schoenbein et al. (1977) . Five separate fields were examined within each intestinal wall layer, and filmed for 30 s to be analysed offline at a later time.
Leukocyte-endothelial interaction
Leukocytes were stained in vivo prior to initiation of the IVM examination (2 h postinitiation of the experiment) by intravenous injection of 0.1 mL of 0.05% rhodamine 6G (Sigma-Aldrich) for contrast enhancement, enabling visualization within the microvasculature. Microvessels in the intestinal submucosal layer were classified by their order of branching according to Gore and Bohlen (1977) . Submucosal collecting venules (V1), as well as postcapillary venules (V3), were analysed. Flux of rolling leukocytes was defined as the count of white cells moving at a velocity less than two-fifths of that of erythrocytes in the centreline of the microvessels (Menger et al. 1992) , and were given as non-adherent leukocytes passing through the observed vessel segment within 30 s. Adherent leukocytes (stickers) were defined within each vessel segment as cells that did not move or detach from the endothelial lining within an observation period of 30 s, and were given as number of cells per mm 2 of endothelial surface, calculated from diameter and length of the vessel segment studied, assuming cylindrical geometry (Menger et al. 1992) . Five vessels of each population were evaluated in every animal. Evaluation of FCD and leukocyte adherence was performed in a blinded fashion.
Statistical analysis
Data analysis was performed using a statistical software package (SigmaStat,
Jandel Scientific, Erkrath, Germany). All data were expressed as group means7 standard deviation (SD). After determining that data conformed to tests of normality of distribution and equality of variance, they were analysed using a one-way analysis of variance followed by the Bonferroni corrected t-test for paired comparisons. Mean arterial pressure and heart rate were analysed following tests of normality in distribution and equality of variance by a two-way analysis of variance (repeated measures in the factor of time). This test was followed by the Scheffé test for paired comparisons. A Po0.05 value was considered significant.
Results
Mean arterial pressure remained stable within the groups without endotoxaemia regardless of the form of anaesthesia (Figure 1) . Initiation of endotoxin infusion resulted in a significant drop in mean arterial pressure. The decrease in blood pressure was followed by a stabilization in both endotoxaemic groups. Mean arterial pressure values within the endotoxaemic animals 2 h subsequent to endotoxin challenge were not statistically significantly decreased compared with groups without endotoxaemia.
The FCD values of pentobarbital/ ketamine anaesthetized animals did not differ from those animals that had received pentobarbital anaesthesia (Figure 2) . Following 2 h of endotoxaemia, a trend towards reduction of mucosal FCD (À10.1%; P ¼ 0.112) was observed. No statistical significant difference between the anaesthetic procedures could be observed. FCD changes within the circular and the longitudinal muscle layers of the small intestine were not statistically significant (endotoxaemia without ketamine: muscularis longitudinalis: À2%, muscularis circularis: À9.8%; endotoxaemia with ketamine: muscularis longitudinalis: þ 2.6%, muscularis circularis: À5.3%).
Adhesive behaviour of the leukocytes is shown in Figure 3 . In the control groups with pentobarbital anaesthesia alone, as well as with combined pentobarbital/ketamine anaesthesia, a remarkable baseline rolling of the leukocytes along the endothelial lining ) 2 h after the beginning of the experiments; mean7SD; Ã Po0.05 compared to control group; PB ¼ pentobarbital anaesthesia, PB þ LPS ¼ pentobarbital anaesthesia and endotoxaemia, PB þ KET ¼ pentobarbital/ketamine anaesthesia, PB þ KET þ LPS ¼ pentobarbital/ketamine anaesthesia and endotoxaemia of collecting (V1) and postcapillary (V3) venules was recorded. A significant decrease in the flux of rolling leukocytes in the postcapillary venules was evident in endotoxaemic animals. Figure 3 shows the count of firmly adherent leukocytes after 2 h of observation. A significant increase in the count of sticking leukocytes due to endotoxaemia in collecting (V1: þ 133%, P ¼ 0.00017) and postcapillary venules (V3: þ 207%, P ¼ 0.00018) was found in comparison to the control animals. The addition of ketamine did not influence sticking or rolling of the leucocytes.
LPS administration resulted in significant cytokine release and this was independent of the different anaesthetic procedures (Figure 4) . Arterial blood gas analyses along with haematocrit measurements revealed no pathological changes during the observation period in this animal model (data not shown). Both anaesthetic regimens effectively suppressed animal reactions to painful stimuli.
Discussion
In this study, intravenous anaesthesia with pentobarbital in combination with ketamine did not alter intestinal FCD, leukocyte behaviour and cytokine release in healthy animals and during endotoxaemia in comparison to the sole use of pentobarbital anaesthesia.
In most cases, in vivo studies of microcirculation require the use of general anaesthesia. Barbiturates have historically been the mainstay of anaesthesia for laboratory rodents. The most popular barbiturate used in rodents has been the oxybarbiturate pentobarbital. At higher dosage, barbiturates provide anaesthesia sufficient for mildly invasive surgical procedures (Kohn et al. 1997) . However, doses sufficient to provide a surgical plane of anaesthesia in more invasive procedures are accompanied by poor analgesia and a progressive decline in mean arterial pressure, as well as hypercarbia and hypoxia (Wixson et al. 1987) . Therefore, a Figure 4 Effects of anaesthesia on cytokine release. TNF-a (pg/mL; mean7SD); IL-1b (pg/mL; mean7SD); IL6 (pg/mL; mean7SD); IL-10 (pg/mL; mean7SD), at the end of the experiments; Ã Po0.05 compared to control group; PB ¼ pentobarbital anaesthesia, PB þ LPS ¼ pentobarbital anaesthesia and endotoxaemia, PB þ KET ¼ pentobarbital/ketamine anaesthesia, PB þ KET þ LPS ¼ pentobarbital/ ketamine anaesthesia and endotoxaemia combination using an analgesic such as lowdose ketamine (which produces minimal cardiovascular depression) appears to be useful. The administration of opioids, e.g. fentanyl, represents another alternative in the improvement of analgesia in laboratory animals (Kohn et al. 1997) .
Methodological difficulties in the microcirculatory study of endotoxaemia and sepsis remain a challenge. All anaesthetics may indeed affect inflammatory responses in various ways, including an immunosuppressant effect on leukocyte behaviour (Miller et al. 1996) , which may, in turn, affect the microcirculation. For this reason, each microcirculatory model in anaesthetized animals should be evaluated with respect to effects of anaesthesia. The extent of immunosuppression is substance-specific and dose-dependent. Barbiturates exert various effects upon leukocyte activation as well as mediator release. Methohexital and pentobarbital did not influence zymosaninduced neutrophil chemiluminescence, whereas phenobarbital and thiopental decreased neutrophil chemiluminescence in a dose-dependent fashion (Weiss et al. 1994) . Bette et al. (2004) reported that TNFa-mRNA expression in rat spleen was unaffected by pentobarbital anaesthesia. The IL-1b-stimulated increase in inducible nitric oxide synthase (iNOS) formation in vascular smooth muscle cells was significantly augmented in the presence of thiopental, whereas methohexital, hexobarbital, pentobarbital and phenobarbital were without effect (Kessler et al. 1997) . Previously, Humar et al. (2004) detailed that two transcription factors, NF-kB and NFAT, were inhibited by thiobarbiturates, but only marginally by their oxybarbiturate analogues. Therefore, oxybarbiturates, e.g. pentobarbital, are to be preferred for microcirculatory studies.
During pentobarbital anaesthesia the sensation of pain may not be completely suppressed. Therefore, ketamine was introduced to ensure analgesia. Ketamine is recognized to exert dose-dependent effects upon inflammation during endotoxaemia. Subanaesthetic dosages of ketamine showed anti-inflammatory effects, whereas large dosages could augment inflammatory responses (Sun et al. 2004) . At dosages of 0.5 mg/kg, ketamine suppressed the endotoxin-induced NF-kB activation and TNF-a expression in the intestine and serum. The maximum dose to inhibit NF-kB activity and TNF-a expression in the lung in this post-treatment model was 5 mg/kg (Sun et al. 2004 ). In another model of rat endotoxaemia, pretreatment with 10 mg/kg ketamine completely abolished the cytokine response in experimental endotoxaemia. However, post-treatment administration of ketamine only modestly suppressed cytokine release in endotoxin-induced shock in rats (Taniguchi et al. 2001) . At a dose of 50 mg/kg ketamine enhanced NF-kB activity and TNF-a expression in the liver (Sun et al. 2004) . A 'middle-dose' of ketamine (10 mg/ kg/h, post-treatment) was used in our experiments and did not produce any effect upon cytokine levels following 2 h of endotoxaemia. A dosage of 10 mg/kg ketamine appears suitable for analgesic supplementation of anaesthesia in inflammatory studies in rats and to achieve the least alteration of the cytokine response.
While the immunomodulatory effects of general anaesthesia are well described, less is known about its effects upon the microcirculation, particularly of the intestine. Endotoxaemia leads to dramatic changes in the microcirculation of various organs (Spronk et al. 2004) . The reduction in FCD perhaps is caused by different mechanisms, e.g. vasoconstriction, oedema of the endothelial cells, intravascular coagulation or adhesion of blood cells. FCD reduction in the intestinal mucosa is especially detrimental due to the impairment of the mucosal barrier function. Brookes et al. (2002) described a dilation of mesenteric arterioles and venules along with constriction of capillaries during ketamine anaesthesia when arterial pressure was unchanged (Brookes et al. 2002) . However, as arterial pressure decreased, constriction of the arterioles and venules was accompanied by dilation of the capillaries. In contrast, barbiturate anaesthesia (thiopental) resulted in different changes. At a higher arterial pressure, a constriction of arterioles and capillaries took place, accompanied by dilation of venules, but, at lower values of arterial pressure, arterioles and capillaries had a tendency to dilate, and venules to constrict (Brookes et al. 2002) . The partial antagonistic response may be beneficial in maintaining microvascular perfusion in shock states, when combining barbiturate anaesthesia with ketamine. In our model there was no significant FCD decrease during endotoxaemia, and this was not affected by ketamine. Adolphs et al. (2004) showed a redistribution of blood flow towards the mucosa during urethane and ketamine anaesthesia in endotoxaemia.
One of the methodological strengths of intravital microscopy in microvascular research is the ability to visualize interactions between the blood cells and endothelium. During endotoxaemia and sepsis, a sequential activation of leukocytes can be observed: the selectin-mediated, temporary adhesion to the endothelium (rolling), the integrin-mediated firm endothelial adhesion (sticking) and the transmigration process. Anaesthetics may influence this cascade through their immunomodulatory effects. In reference to ketamine, it is known that pretreatment with 10 mg/kg attenuates endotoxin-induced leukocyte adherence by a shear rateindependent mechanism (Schmidt et al. 1995) . To achieve a 60% reduction of TNF-ainduced neutrophil adhesion in the rat mesoappendix microvasculature, Miller et al. (1996) had to use 150 mg/kg ketamine. In our model, this effect was not statistically significant with the administration of a moderate dosage (10 mg/kg/h) of ketamine postendotoxin challenge (post-treatment).
Conclusions
Surgical procedures which are required for preparation of the internal organs involved with intravital microscopy, as well as the performance of microcirculatory observations in experimental endotoxaemia, should be performed with adequate anaesthesia and analgesia. At a higher dosage, pentobarbital provides anaesthesia which is sufficient for mildly invasive surgical procedures. However, during barbiturate anaesthesia, the sensation of pain may not die out completely. To ensure sufficient analgesia, ketamine was introduced, in addition to pentobarbital, for intravenous anaesthesia. The accompanying administration of moderate doses of ketamine to the pentobarbital-anaesthetized rats did not affect the intestinal microcirculation and cytokine release during experimental endotoxaemia. Therefore, this anaesthetic model can be reliably used to study endotoxaemic alterations within the intestinal microcirculation of the rat.
